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Abstract

This paper presents a methodology to estimate liquefaction-in-
duced damage in urban centres, utilizing well-established ge-
otechnical, structural, and seismic indicators. The study employs
the Vulnerability Index method, combined with the Analytic Hier-
archy Process, to systematically evaluate and weigh key factors.
This approach provides a comprehensive assessment of building
vulnerability to liquefaction, with a particular focus on rigid-
body displacement effects, especially in areas where a non-lique-
fiable layer overlays a liquefiable one.
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1 INTRODUCTION

Significant liquefaction-induced damage to the built environ-
ment has been documented in numerous major earthquakes, such
as those in San Francisco (1906), Niigata (1964), Nihonkai-
Chubu (1983), Hokkaido-Nansei-Oki (1993), Hyogoken-Nanbu
(1995), Kocaeli (1999), Duzce (1999), Haiti (2010), Chile (2010),
Tohoku (2011), and Kumamoto (2016) earthquakes [1]. These
events underscore the need for models capable of assessing lique-
faction-induced building damage at an urban scale, which are es-
sential for risk mitigation in seismically active regions [2].

In the last decade, approaches focusing on liquefaction-in-
duced building settlement (LIBS) have been instrumental in iden-
tifying key parameters that play a significant role in structural
vulnerability assessments, particularly in relation to settlement.
Foundation settlements are contingent on numerous factors, in-
cluding but not limited to footing size, crust thickness, crust shear
strength, residual strength of the liquefied layer, modulus of the
liquefied layer, thickness of the liquefied layer, characteristics of
earthquake shaking (duration, amplitude), time of liquefaction
triggering, pore pressure mechanism, drainage, and more [3].

Recent advancements in LIBS modelling have emerged from
various studies [4]-[6], among others, providing critical insights
into the parameters that require precise definition or refinement
to assess the impact of soil liquefaction on built environment vul-
nerability. These models offer the advantage of incorporating the
most influential factors governing both capacity and demand, re-
lying on sophisticated analytical frameworks [7]. However, for
urban-scale seismic vulnerability assessments, simpler models
are needed to facilitate the rapid identification of the most suscep-
tible structures. This capability is crucial for prioritizing timely
and effective strengthening interventions [8].

In this paper, a simplified methodology for estimating lique-
faction-induced damage on liquefiable soils is proposed, adopting
a different approach based on commonly known parameters,
aligning with studies conducted at an urban scale. Multi-Criteria
Decision Making (MCDM) methods are used to develop a
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vulnerability index ensuring robustness through expert judgment.
The notable contribution of this research lies in the inclusion of
parameters specifically associated with the vulnerability of the
built environment to earthquake-induced liquefaction.

A holistic approach to modelling liquefaction-induced build-
ing damage considers two primary components: (i) damage
caused by ground shaking alone (seismic vulnerability) and (ii)
damage induced by liquefaction (liquefaction vulnerability).
However, this study focuses exclusively on liquefaction vulnera-
bility component. The separation of these components is feasible
under the assumption that the two hazards do not interact, in
which case affected buildings behave as rigid bodies [9]. This dis-
tinct damage mechanism, characterised by rigid-body displace-
ments, excessive settlements, tilting, and, in extreme cases,
complete overturning, was clearly observed in Go6lbasi following
the Kahramanmaras seismic sequence of February 6, 2023 [10].

To assess the physical vulnerability of the built environment
to liquefaction, this study utilises the Vulnerability Index (VI)
method, a widely recognised tool for engineers, policymakers,
and urban planners [11]. A crucial step in developing VI is the
systematic selection and evaluation of indicators. In this study,
this process ensures the comprehensive integration of geotech-
nical and seismic factors, which influence both liquefaction oc-
currence (hazard) and the expected structural damage
(vulnerability).

The objective is to establish a scientifically grounded frame-
work for integrating liquefaction-induced damage into broader
seismic vulnerability assessments at an urban scale. By improving
the accuracy of liquefaction damage models, this research con-
tributes to urban risk assessments, supporting disaster resilience
strategies and mitigation planning.

The paper is structured as follows: Section 2 outlines the pro-
posed methodology, detailing key components of the liquefaction
vulnerability model and its validation approach. Section 3 pre-
sents the case study implementation. Finally, Section 4 summa-
rizes the key advantages, discusses challenges, and suggests
directions for future research.
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2 PROPOSED METHODOLOGY

To assess liquefaction vulnerability at an urban scale, this
study leverages previously reported data and geospatial infor-
mation to identify key indicators and analyse their impact on the
built environment. The problem is divided into two main compo-
nents: (i) seismic and geotechnical, including geological soil
properties and dynamic parameters, which accounts for earth-
quake characteristics and liquefaction indicators; (ii) structural,
which involves rapid visual screening of buildings.

The proposed methodology consists of five key steps: (i) de-
velopment of a Liquefaction Hazard Index (LHI), using Lique-
faction Manifestation Severity Indicators (LMSI), including the
Liquefaction Potential Index (LPI), Ishihara-inspired LPI
(LPIisn), and Liquefaction Severity Number (LSN), combined
with geotechnical and earthquake parameters such as crust thick-
ness (Hi), liquefiable thickness (Hz), groundwater table (GWT)
depth, earthquake magnitude (My) and peak ground acceleration
(PGA); (i1) assessment of structural vulnerability, using rapid vis-
ual screening parameters to determine a Vulnerability Index for
the structural component (VIS); (iii) integration of the VIS with
the LHI to establish a final Vulnerability Index (VIF); (iv) classi-
fication of urban areas into vulnerability zones based on VIF.

The VIS includes both structural and geotechnical parameters.
While geotechnical factors enhance the LHI, they also influence
structural vulnerability by interacting with the building’s condi-
tion. This dual role of geotechnical parameters is crucial in as-
sessing the overall vulnerability to liquefaction. The following
section provides a detailed breakdown of the methodology, while
Fig. 1 shows the procedure for determining the VIF by combining
LHI and VIS both using the AHP.
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Fig. 1. Flowchart of the proposed liquefaction vulnerability at an urban scale
model.

The identification of the earthquake and liquefaction indica-
tors that exert the most significant influence on the expected vul-
nerability of the built environment involves extracting from the
methodologies existing in the current literature and expert inter-
views as was done by [11] and adapting them to account for the
specific building stock of the study area.

A multi-criteria analysis framework, incorporating the Ana-
lytic Hierarchy Process (AHP), is used to assign relative weights
to: (1) the selected indicators within each component (denoted as
pi); and (ii) the corresponding scores for each class (denoted as
Si). Each indicator (denoted as n) is classified into classes repre-
senting its relative impact on the physical vulnerability of the built
environment to liquefaction.

The LHI and the VIS are obtained by:

n
LHL VIS = Z S.; (1
i
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Once the LHI and the VIS are obtained, the integrated VIF is
obtained by:

VIF = VIS x (1 + PL x LHI) 2)

where PL is the probability of liquefaction varies between 0 and
1. Equation 2 integrates LHI and VIS into the VIF. More details
of the PL term for urban centres assessments could be found in
[12]. The term (1 + PL X LHI) ensures that higher LHI and the
PL amplify the structural vulnerability, while buildings with low
VIS are less affected by increased liquefaction hazard.

The proposed methodology will be validated in a place af-
fected by earthquake-induced liquefaction and subsequent dam-
age to the built environment. The validation is conducted in
Christchurch, New Zealand, a city that experienced significant
liquefaction during multiple seismic events.

To achieve this, a high-resolution digital dataset containing ap-
proximately 14,500-15,500 CPT-based case histories has been
compiled from three significant earthquake events in Canterbury:
the September 2010 (My 7.1); February 2011 (My 6.2), and Feb-
ruary 2016 (Myw 5.7) earthquakes [13].

These datasets provide critical insights into surface liquefac-
tion manifestations, especially in cases where a non-liquefiable
layer overlays a liquefiable one, a common condition in the study
area. Although these datasets do not include direct structural dam-
age information, they help establish correlations between LMSI
and built environment vulnerability. This validation step refines
weighting factors within the proposed methodology, improving
its accuracy and reliability.

3 CASE OF STUDY: AGUABLANCA DISTRICT, CALI,
COLOMBIA

After the proposed methodology is validated, the methodol-
ogy will be applied in Commune 21, located within the Agua-
blanca District (AD) in Cali, Colombia (Fig. 2). This region lies
on the western floodplain of the Cauca River and is characterized
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by soil deposits with a high to severe susceptibility to liquefaction,
as identified in multiple studies [14]-[17]. The presence of a shal-
low low-permeability layer (non-liquefiable surface layer) fol-
lowed by unconsolidated and saturated sand may also influence
the area's seismic response and requires further investigation [15],
[18].

The built environment in the study area primarily consists of
non-engineered, low-rise (1-3 stories) unreinforced masonry
(URM) buildings with shallow foundations. These structures are
particularly vulnerable to liquefaction-induced ground defor-
mations, making AD an ideal case study for assessing seismic risk
[17],[19], [20]. Given these characteristics, Commune 21 serves
as an optimal case study for applying the proposed methodology.

N o P Cali-Colombia,
A Aguablanca District

Fig. 2 Study area highlighting Commune 21 in blue.

4 CHALLENGES AND LIMITATIONS

The proposed liquefaction vulnerability model provides a
rapid and effective method for assessing liquefaction-induced
damage at an urban scale, facilitating targeted risk mitigation ef-
forts. By integrating key geotechnical, structural, and seismic in-
dicators, this framework enhances informed decision-making in
urban planning for seismically active regions.
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This methodology is part of a four-year research project, and
its application to the case study is currently in progress. A VIS
has already been developed for the study area, considering struc-
tural vulnerability indicators. However, the soil and foundation
components still need to be incorporated. Given the level of detail
required for an urban-scale assessment, foundations are excluded
as a vulnerability parameter in this study.

A key challenge of this research is the development of vulner-
ability curves, which relate the VIF to different levels of seismic
demand. These curves require the definition of damage levels to
categorise the structural response of buildings affected by lique-
faction-induced ground deformations. According to existing lit-
erature, typical damage levels range from slight to severe, with
rigid-body displacements, excessive settlements, and tilting being
key failure mechanisms [9].

Given that the study area is predominantly composed of non-
engineered unreinforced masonry (URM) buildings, the vulnera-
bility curves will be tailored to this building typology. The em-
pirical relationships derived from historical case studies provide
a basis for defining threshold values of seismic demand and cor-
responding damage levels. By incorporating these elements, the
model enhances its applicability for urban risk assessments.

Despite its ease of application, the proposed methodology as-
sumes that structures behave as rigid bodies during liquefaction.
However, liquefaction can produce complex failure mechanisms,
where both inertial forces and soil deformations contribute to
building damage. In such cases, the final damage state of a struc-
ture is influenced not only by the initial damage from ground
shaking but also by subsequent damage induced by liquefaction
effects [9].

The notable contribution of this research lies in the inclusion
of parameters associated with the vulnerability of residential
URM buildings subjected to earthquake-induced liquefaction.
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